In the real-world, retinal projection (view) (1) of an object changes as we move or as a moving object passes in front of us. One of the central issues in the field of object recognition is how we recognise objects despite retinal-projection changes. Traditionally, two`camps' of object-recognition theorists have been debating how the object is represented that allows humans to cope with retinal-projection changes. Biederman (1987) proposed the`geon structural descriptions' (GSD) theory, which holds that the object can be decomposed into parts termed`geons', and viewers can identify the object by representing the parts and their spatial relations. This description is constructed from view-invariant properties, such as whether a contour is curved or straight, whether two contours are parallel or not, and what type of a vertex is created from the co-termination of two contours. In this case, view-independent recognition can be achieved because these view-invariant properties remain unchanged under many transformations.
to a new representation: (a) the differential perceptibility of the parts between the first (S1) and second (S2) presentation produced by the rotation, and/or (b) the absence of a transient between S1 and S2 allowing the participants to make a correct fast``same'' response when the identical stimuli are not rotated. They showed that merely translating S2 with respect to S1 on all trialsöso that a transient was present on all trials even when S1 and S2 were identical in shape and unrotated ögreatly reduced the apparent costs of rotation.
Template theorists, in contrast, propose that the disparities of view between the input and the stored templates incur a cost for compensation, often called normalisation processes such as mental rotation, interpolation, or extrapolation of templates (eg Bu« lthoff and Edelman 1992; Tarr and Bu« lthoff 1995) . Bu« lthoff and Edelman (1992) provided empirical support for view interpolation. They provided participants with two different training views of each wire-frame object. Following training with the two views, participants saw novel views of the object that were either interpolated views (between the two studied views) or extrapolated views (beyond the two studied views). Recognition performance of the tested novel view was better for interpolated views than for extrapolated views, though performance under these conditions was not as high as performance where the same view was repeated in the training and test session. Likewise, using geon-like objects, Kourtzi and Shiffrar (1999) reported that recognition performance in the same-view-repeated condition was better than that in the interpolation and extrapolation condition; furthermore, performance in the interpolation condition was better than that in the extrapolation condition. Thus, the extrapolation process, if it occurs, is not as efficient as the same-view-matching process or the interpolation process. Regarding the methodological aspects, all of these cited studies presented retinal-projection changes in an unpredictable way by simulating a 3-D rotation of objects. However, in the real-world, 3-D rotations of objects causing retinal-projection changes do not occur frequently, and most retinal-projection changes are predictable from the movements of the object or viewer, or both. The situation where the retinalprojection change occurs in a predictable way from the movement of the object or the viewer provides the opportunity to investigate whether the viewer can extrapolate the view efficiently, because the view presented after the movement goes beyond the range between the views presented during the movement.
The results of a study of the view-dependence of spatial layout carried out by Simons and Wang (1998) have an important implication in this respect. In their study, participants observed a spatial layout of five familiar objects on a table. A curtain was then drawn to occlude the table for 7 s. During this occlusion interval, one of the five objects was moved to a new position, after which the curtain was raised and the participants had to judge which object had moved. When participants observed the table from the same position, a table rotation producing a retinal-projection change of the layout caused a view-dependent effect. However, when participants observed the table from a different position due to walking during the occlusion interval, the retinalprojection change in the layout did not produce a view-dependent effect, indicating that previously reported view-dependent effects might have resulted from the retinalprojection changes that are unpredictable. The similar approach of Simons and Wang (1998) could be applied to the study of object recognition to examine whether the predictability of the view change might eliminate the view-dependent recognition of the object as it did in the recognition of spatial layout.
In the present study, we investigated whether the viewer could extrapolate the view efficiently when the change of the retinal projection was predictable from the movement of the object. For that purpose, we introduced a situation where a moving object passed in front of a stationary viewer. Specifically, the first stimulus (studied view) translated towards the viewer from the left or right side and vanished before it passed by the viewer, and the second stimulus (tested view) appeared on the other side. If the viewer can recognise the second stimulus, in which the view was changed in a predictable way, from the movement of the first stimulus as accurately or rapidly as the second stimulus, the view of which was the same as that of the first stimulus, the viewer had the opportunity to extrapolate the second view efficiently.
An overview of the experiments
In experiment 1, stationary participants tracked a translating object by turning their head in the virtual environment, resulting in view-independent recognition. In experiments 2^5, we examined what factor in the stimulus was crucial for efficient extrapolation. In experiment 2, the change of the retinal projection of the second stimulus occurred in an unpredictable way. In experiments 3^5, we manipulated the movement of the first stimulus. The results of experiments 2^5 indicated that making the change of retinal projection unpredictable caused a view-dependent effect (experiments 2, 3, and 5), except that view-independent recognition occurred without perceptual translation when the direction of movement of the object was consistent with the change of retinal projection (experiment 3). In experiments 6 and 7, we examined the contribution of extraretinal information such as vestibular and proprioceptive information, and suggested that extraretinal information was unnecessary for view-independent recognition.
2 Experiment 1 2.1 Method 2.1.1 Participants. Seventeen young adults with normal or corrected-to-normal vision participated in the experiment.
2.1.2 Stimuli. Ten geons shaded in gray-scale were used as stimuli (figure 1). All fit within a visual angle of approximately 6 deg by 6 deg. The ten types of geons were the same as those used by Biederman and Gerhardstein (1993) and Tarr et al (1998) . Three views (each separated by 458) were used for each geon. Efficient view-extrapolation2.1.3 Apparatus and procedure. Participants put on a head-mounted display (832 by 624 pixels; PLM-S700, Sony Corp) to observe stimuli irrespective of the direction of their heads. Stimuli were presented successively, with blanks (2 s) inserted between them. The first stimulus translated from left to right (1 s), or in the reverse direction, in the virtual environment (see figure 2a) . (2) The second stimulus was stationary (0.1 s). The background was drawn black. (3) When the two stimuli were the same geon, the retinal projections of the first and second stimuli were the same in the same-retinal-projection condition, and different in the different-retinal-projection condition. The different retinal projection of the second stimulus was created according to how it would be observed after figure 2a , the participants turned their heads 458 to simulate the tracking of moving objects. The thicker lines that diverge from the participants indicate the head-direction angle for viewing the first stimulus. In figure 2b , the participants turned their heads halfway in the other direction and then returned to the initial direction in the same-position condition. (2) The first stimulus translated from the leftmost side or the rightmost side to the centre on the head-mounted display. The centre of the monitor fell on the line of head direction, and did not fall on the line of body direction when the head was turned rightward or leftward. The translational angle subtended 8 deg in reality. The gap in the angle between virtual environment and reality was due to the use of the wide-angle camera setting in the CG software. The second stimulus was presented at the centre of the display. Whether the stimulus appeared on the left or right side relative to the body depended on the direction of the head. When the participant's head was turned left, the stimulus appeared on the left side of the body, and when his head was turned right the stimulus appeared on the right side of the body. (3) One major difference between the present study and that of Simons and Wang (1998) is that the object in the present study vanished between the first and second stimuli. This disappearance can sometimes disrupt the ability to maintain or update an object representation over time. In the study of Simons and Wang (1998) , the display was hidden by a curtain, which constitutes a more natural way of introducing a view change.
translation in the virtual environment by changing the angle of the first stimulus. Thus, the angle difference between the last frame of the first stimulus and that of the second stimulus was 458 in the different-retinal-projection condition. For half the trials, the second stimulus was presented at the same position at which the first stimulus disappeared in the virtual environment (the same-position condition). In the other half of the trials, the second stimulus was presented at the left^right symmetrical position with respect to the position where the first stimulus disappeared (the different-position condition). In the same-position condition, the participants observed two stimuli in the same head direction. In the different-position condition, they turned their heads 458 during the blank to simulate the tracking of moving objects. (4, 5) During the presentation of the first stimulus, the participants fixed their head and tracked the stimulus with eye movements, and when the first stimulus disappeared they started turning their heads. As a control for the possibility that pure head turning might mask the view-dependent effect, the participants turned their heads halfway in the other head direction and then returned to the initial head direction in the same-position condition (figure 2b). Thus, all the participants had to turn their head during the blank period in all trials. The design of the present study was a two-factorial combination of retinal projection and position of the second stimulus. The change of the retinal projection between the first and second stimuli occurred independently of the position of the second stimulus. The task was to judge whether sequentially presented objects were the same or not, ignoring differences in retinal projections. Participants had to press a space key within a time limit of 1.5 s when they judged two stimuli to be the same object. They were (4) Before the experimental session, participants practiced head turning. Head turning was not monitored during the experimental session. Participants turned their heads according to their own criterion, and rotational speed varied with trials and participants. Thus, the present study permitted some deviations from 458 and cannot be discussed from a strict standpoint regarding consistency between retinal-projection changes and head turning.
(5) A view-dependent effect was reported when a single geon changed view by 458 (Hayward and Tarr 1997 ).
required to respond as accurately and rapidly as possible. When two objects were the same, trials exceeding this time limit were regarded as incorrect trials. Participants were told that the different retinal projection of the second stimulus was set to be in accordance with a translation and head-turning of 458. Prior to each trial, participants were informed whether the retinal projection of the second stimulus would change or not. Participants were allowed to practice for 30 trials. In the test session, 240 trials were conducted, half of which were same-object trials.
2.1.4 Analysis. We discuss the results mainly with regard to RT (reaction time) analysis. RTs that went beyond 2.5 standard deviations (SDs) were eliminated as outliers with the recursive procedure (Van Selst and Jolicoeur 1994) . A view-dependent effect was occasionally found during the seven experiments, but it is not clear why the viewdependent effect for error rates was found in some experiments but not in others. The effect in error-rate analysis was found for the same-position condition in experiments 2 and 5, for the different-position condition in experiment 6, and for the same-position condition in experiment 7. The mean error rate through the seven experiments was 4.1%. In the present study, we regarded the results in the range 0X01 5 p 5 0X05 as marginally significant, and the results with p 5 0X01 as significant because the paper contained more than 20 applications of statistics.
Results and discussion
The overall error rate including the different-geon condition was 5.2%. Error rates in the same-retinal-projection and different-retinal-projection conditions were 3.8% versus 7.9% in the same-position condition, and 5.6% versus 6.9% in the different-position condition, respectively, and did not differ significantly ( p 4 0X05). The results of RT analysis are shown in figure 3a. When participants observed two stimuli in the sameposition condition, RTs in the different-retinal-projection condition were longer than those in the same-retinal-projection condition (t 16 2X5, p 5 0X05). Translation of the first stimuli helped participants recognise the 3-D structure of the geons owing to the kinematic depth effect in addition to the 3-D shading. Thus, the results of this condition led us to firmly reject the possibility that the view-dependent effect is caused by an insufficient representation of the 3-D structure of objects.
The major interest of experiment 1 was in the different-position condition. In contrast with the results for the same-position condition, RTs in the different-retinalprojection condition were as fast as those in the same-retinal-projection condition (t 16 0X2, p 4 0X8), and an ANOVA showed the interaction (F 1 16 5X5, p 5 0X05).
In experiment 1 we investigated whether the viewer could extrapolate the view efficiently when the change of the retinal projection was predictable from the movement of the object. We found that participants could recognise the view-changed stimulus as efficiently as the view-unchanged stimulus. The result indicated that participants could extrapolate the tested view efficiently.
3 Experiment 2 Experiment 1 showed view-independent recognition when the retinal-projection change was predictable. However, there was a possibility that a positional change of objects was sufficient for view-independent recognition without the predictability of the retinal-projection change. Experiment 2 was conducted to examine this possibility by introducing the situation where the retinal-projection change was unpredictable. In experiment 2, the object passed in front of the participants in the same virtual environment as in experiment 1, but the direction of the retinal-projection change in experiment 2 was reverse of that in experiment 1. That is, if we define the retinal projection of the last frame of the first stimulus at 08, the retinal projection of the second stimulus was 458 in experiment 1 and À458 in experiment 2. 3.1.2 Apparatus and procedure. The procedures were identical to those in experiment 1, with one important exception. The retinal-projection change in experiment 2 occurred in the reverse direction to that in experiment 1 (figure 2c).
The overall error rate was 1.8%. Error rates between the same-retinal-projection and different-retinal-projection conditions in the same-position condition were 0.5% versus 2.3% ( p 5 0X01), respectively; and in the different-position condition were 1.5% versus 1.3% ( p 4 0X8), respectively. The results of RT analysis are shown in figure 3b . A view-dependent effect was shown in the same-position condition (t 9 2X4, p 5 0X05), and in the different-position condition (t 9 3X3, p 5 0X01). An ANOVA revealed that the interaction was not significant (F 1 14 0X5, p 4 0X4). These results indicate that the positional change of objects was not sufficient for view-independent recognition.
Experiment 3
In experiment 1, the objects passed in front of participants in a virtual environment, and the view-dependent effect was extinguished when the change of retinal projections was predictable. The movement of the first stimulus could become a cue for predicting the retinal-projection change between the first and second stimuli. The translational movement of the object can be decomposed into two components: positional displacement and continuous view change. Without positional displacement, the direction of the continuous view change could provide the cue for the prediction because, whenever we track moving objects, the view changes continuously.
In experiment 3, we investigated whether the continuous view change of the first stimulus that lacked perceptual translation could induce view-independent recognition by rotating the first stimulus in a fixed position. In the different-position condition, objects could be interpreted as having changed position in a virtual environment, because, in the real-world, to observe the identical object after head turning, objects would have to change their position. Thus, experiment 3 weakened the predictability in that the positional change of the object occurred without perceptual translation. The same-position condition was introduced as a control for the possibility that the 3-D rotation of the first stimulus was sufficient for view-independent recognition without the positional change of the object.
4.1 Methods 4.1.1 Participants. Ten young adults with normal or corrected-to-normal vision participated in the experiment. 4.1.2 Apparatus and procedure. The procedures and materials were identical to those in experiment 1, with one important exception. The first stimulus in experiment 3 was subjected to a 3-D rotation of 288 instead of translation (figure 2d). The first stimulus in experiment 1 showed continuous view changes of 288 from the initial frame to the last frame as it translated. Thus, the effects of kinematic depth in experiments 1 and 2 were equivalent. The rotational direction of the first stimulus in experiment 3 was the same as the direction of the continuous view changes in experiment 1.
Results and discussion
The overall error rate was 2.9%. Error rates in the same-retinal-projection and differentretinal-projection conditions were 2.0% versus 2.5%, respectively, in the same-position condition; and 3.0% versus 2.0%, respectively, in the different-position condition and did not differ significantly ( p 4 0X5). The results of RT analysis are shown in figure 3c . The view-dependent effect was found in the same-position condition (t 9 2X9, p 5 0X05). Thus, the 3-D rotation was not sufficient for view-independent recognition when the first and second stimuli were presented at the same position.
In the different-position condition, objects could be interpreted as having changed their position in the virtual environment to identify the second stimulus with the first stimulus. The results revealed that the view-dependent effect was extinguished in the different-position condition (t 9 0X5, p 4 0X6), and an ANOVA revealed that the interaction was significant (F 1 9 16X5, p 5 0X005). These results suggest that the rotational information without perceptual translation in experiment 3 could enable the viewer to predict the retinal-projection change.
Experiment 4
In experiments 1 and 3, the movement of the first stimulus could become a cue for predicting the retinal-projection change between the first and second stimuli. The movement of the first stimulus provided information about the direction in which the object was moving. This information could be critical in simulating the tracking of objects. Because the participant's position was fixed, how the change of relative position between the object and the participant occurred depended on the movement of the first stimulus. In experiment 4, we attempted to determine whether the movement of the first stimulus was necessary for view-independent recognition. For this purpose, the first stimulus was kept stationary. The presence of the view-dependent effect in the different-position condition would support the interpretation that positional change occurred on the side of the object but not on the side of participants in the present study because the view-dependent effect was not found when participants actually changed position (Simons and Wang 1998).
5.1
Method 5.1.1 Participants. Fifteen young adults with normal or corrected-to-normal vision participated in the experiment. 5.1.2 Apparatus and procedure. The procedures and materials were the same as in experiments 1 and 3 with the exception that the first stimulus was kept stationary (figure 2e).
Results and discussion
The overall error rate was 3.4%. Error rates in the same-retinal-projection and differentretinal-projection conditions were 2.7% versus 3.2%, respectively, in the same-position condition, and 3.0% versus 4.7%, respectively, in the different-position condition, and did not differ significantly ( p 4 0X05). The results of RT analysis are shown in figure 3d . A view-dependent effect was found in the same-position condition (t 14 3X8, p 5 0X005). However, unlike in experiments 1 and 3, the view-dependent effect was also found in the different-position condition (t 14 2X6, p 5 0X05). Although the difference in RTs between the same-retinal-projection and different-retinal-projection conditions was smaller in the different-position condition than in the same-position condition, an ANOVA revealed that the interaction was not significant (F 1 14 2, p 4 0X1).
The result that the view-dependent effect was found without the movement of the first stimulus even in the different-position condition suggests that the movement of the first stimulus was necessary for view-independent recognition. Probably, the participants could not preserve the object continuity between the first and second stimuli, so they interpreted the two stimuli as separate objects. Thus, the change of the retinal projection in experiment 4 violated the predictability, causing a view-dependent effect.
, , The view-dependent effect in the different-position condition was numerically smaller than that in the same-position condition. The smaller view-dependent effect might be due to the participants' knowledge of the occurrence of the retinal-projection change prior to the trial.
Experiment 5
A view-dependent effect was found in the different-position condition of experiment 4 but not in experiments 1 and 3. We interpreted these results to mean that the direction of movement of the first stimulus was the important factor for view-independent recognition when the object changed position and participants were stationary. However, the view-dependent effect in experiment 5 might be due to the lower amount of 3-D information in the static first stimulus. Biederman and Bar (1999) argued that perceptibility of the object affects the view-dependent effect. Experiment 5 was conducted to test this possibility by subjecting the first stimulus to a 3-D rotation with the direction of rotation reverse to that in experiment 3. Experiment 5 was the same as experiment 4 with the exception that 3-D information due to kinematic depth was given to the first stimulus 6.1 Method 6.1.1 Participants. Ten young adults with normal or corrected-to-normal vision participated in the experiment. 6.1.2 Apparatus and procedure. Apparatus and procedures were the same as those of experiment 4 with the exception that the first stimulus rotated in the reverse direction to that in experiment 3 (figure 2f ).
Results and discussion
The overall error rate was 2.2%. Error rates in the same-retinal-projection and differentretinal-projection conditions were 0.6% versus 3.0%, respectively, in the same-position condition ( p 5 0X05) and 1.0% versus 2.0%, respectively, in the different-position condition ( p 4 0X05). The results of RT analysis are shown in figure 3e. A view-dependent effect was found in the same-position condition (t 14 3X8, p 5 0X01). As in experiment 4, a view-dependent effect was also found in the different-position condition (t 14 2X6, p 5 0X01. An ANOVA revealed that the interaction was not significant (F 1 14 0X57, p 4 0X4). These results confirmed that a view-dependent effect in experiment 4 was not due to the first stimulus having less 3-D information.
7 Experiment 6 Experiment 6 was conducted to examine whether extraretinal information could contribute to the predictability of the retinal-projection change. In experiment 6, the effect of eye movement was separated from that of head turning. It is natural to think that eye movement and head turning occur synergically. That is, when the displacement of the stimulus is small, the stimulus is tracked only by eye movement. When the displacement is large, the stimulus is tracked by both eye movement and head turning. In the domain of spatial reasoning, Rieser (1989) reported that participants could point to the location of the unseen object after they actually rotated their body, whereas their pointing became less accurate when they imagined the rotation of the body. This suggests vestibular stimulation and proprioceptive information contributed to spatial updating. On the other hand, Christou and Bu« lthoff (1999) simulated the visual stimulus of Simons and Wang (1998) in a virtual environment and reported that proprioceptive information was unnecessary for spatial updating. One important difference between Rieser (1989) and Christou and Bu« lthoff (1999) was that the study of Rieser (1989) did not have the predictable information of the retinal-projection change , from the visual stimulus, whereas the study of Christou and Bu« lthoff (1999) did. If the visual stimulus in the present study had enough information to enable the viewer to predict the retinal-projection change, extraretinal information would not contribute to the predictability, and head turning or eye movement in the present study should be unnecessary for view-independent recognition. Experiment 6 was conducted to examine whether head turning was necessary for view-independent recognition. For this purpose, head direction was kept fixed, facing forward, during the trials. Thus, this situation prevented vestibular stimulation.
7.1 Method 7.1.1 Participants. Fourteen young adults with normal or corrected-to-normal vision participated in the experiment. 7.1.2 Apparatus and procedure. We used a 34-inch plasma display (PX-42VT1-S1, NEC Inc.) as a display device instead of a head-mounted display. The spatial resolution was 640 by 480 pixels. We used a head-and-chin rest, and the observation distance was 24 cm. The virtual environment was similar to that of experiment 1 (figure 2g). In the condition where the first stimulus translated from left to right, the first stimulus appeared at a 50.5 deg visual angle on the left side of the virtual environment. Then, it translated rightwards and disappeared at a 22.5 deg visual angle on the left side of the virtual environment. After a 2 s blank interval, the second stimulus appeared at a 22.5 deg visual angle on either the left or right side of the virtual environment. The participants were instructed to track the stimulus with eye movement. In the same-position condition, the second stimulus appeared at the location where the first stimulus disappeared. In the different-position condition, the second stimulus appeared at the other side of the display from where the first stimulus disappeared. The task was the same as that of the preceding experiments, with the exception that the participants tracked the stimulus with eye movement only instead of with head turning.
The overall error rate was 4.6%. Error rates in the same-retinal-projection and differentretinal-projection conditions were 4.2% versus 6.5%, respectively, in the same-position condition ( p 4 0X3), and 3.1% versus 6.3%, respectively, in the different position condition ( p 5 0X05). The results of RT analysis are shown in figure 3f . A view-dependent effect was found in the same-position condition (t 13 4X9, p 5 0X001), but not in the different-position condition (t 13 1X5, p 4 0X1). An ANOVA showed the interaction (F 1 13 4X8, p 5 0X05). Thus, tracking by eye movement alone could eliminate the viewdependent effect statistically.
Experiment 7
In experiment 6, we examined the effect of vestibular stimulation and found that without head turning there was no statistical evidence of a view-dependent effect. Thus, tracking of a stimulus with eye movement only seemed to weaken view-dependent recognition. Experiment 7 further controlled extraretinal information. The question posed in experiment 7 is whether eye movement is necessary for view-independent recognition. To answer this question, head and eye movements were kept fixed, with both the head and the eyes directed forward. If no view-dependent effect was found when the stimulus changed position, head turning and eye movement were unnecessary for view-independent recognition. In other words, purely visual information was sufficient for the prediction of the retinal-projection change.
8.1 Method 8.1.1 Participants. Fourteen young adults with normal or corrected-to-normal vision participated in the experiment. , 8.1.2 Apparatus and procedure. Apparatus and procedures were the same as those of experiment 6 with the exception that participants were instructed to gaze at the centre of the monitor during the trials ( figure 2g) . Thus, the participants had to observe the stimulus with their peripheral vision. Eye movement was not monitored.
Results and discussion
The overall error rate was 8.1%. Error rates in the same-retinal-projection and differentretinal-projection conditions were 5.4% versus 13.4%, respectively, in the same-position condition, and 7.9% versus 9.8%, respectively, in the different-position condition. The results of RT analysis are shown in figure 3g 1 . No view-dependent effect was found in either the same-positon condition (t 13 0X9, p 4 0X3), or in the different-position condition (t 13 1X3, p 4 0X2).
The absence of a view-dependent effect in RT analysis may be due to the criterion change in experiment 7 compared to experiments 1^6. The task of experiment 7 is more difficult because of peripheral vision in that the overall error rate (8.1%) in experiment 7 was higher than that (4.6%) in experiment 6 ( p 5 0X05). In such a difficult task, the participants might have stressed accuracy, despite the instruction that they should respond as accurately and rapidly as possible, making RT analysis less reliable. The error rates are shown in figure 3g 2 . In error rate analysis, a view-dependent effect was found in the same-position condition (t 13 4X9, p 5 0X001), but not in the different-position condition (t 13 0X6, p 4 0X5). An ANOVA showed the tendency of the interaction (F 1 13 3X5, p 5 0X09). The results showing a tendency toward view dependence in error rate found in the same-positon condition were numerically reduced in the differentposition condition, indicating that in the absence of head turning and eye movement (extraretinal information), humans could recognise the object in a view-independent manner when the retinal-projection change was predictable from the visual stimulus.
The absence of the statistically significant view-dependent effect for RT analysis in the same-position condition of experiment 7 seemed to occur in the situation where the participants observed the stimulus in peripheral vision at a 22.58 angle. It is possible to present the stimulus closer to the focal vision, consequently making the retinal-projection change smaller while taking predictability into account. With a smaller retinal projection change, it becomes more difficult to find a view-dependent effect. However, if we take error rates into account, the results indicated that view-independent recognition was possible without head turning or eye movement when the retinal-projection change was predictable from the visual stimulus. The present study is concerned with more practical issues, such as whether humans can efficiently adapt to the situation where there is a large retinal-projection change of the object in everyday recognition. The answer of the present study is that view-independent recognition is possible when the retinal-projection change is predictable without head turning or eye movement. If the retinal-projection change is small, adaptation to the situation that causes little recognition cost may not be a difficult task for humans.
9 General discussion So far, many researchers have reported on a view-dependent effect while disregarding the issue of predictability of the retinal-projection change (Tarr et al 1998; and others) . The present study was conducted to examine whether the tested view of the object could be extrapolated efficiently, resulting in view-independent recognition when a retinal-projection change was predictable. In experiment 1, the participants tracked the translating object by head turning. As a result, the retinal-projection change of the second stimulus did not produce a view-dependent effect, indicating that the view of the second stimulus could be extrapolated efficiently when the retinal-projection change was predictable. The failure to find efficient view extrapolation in previous studies , (Bu« lthoff and Edelman 1992; Kourtzi and Shiffrar 1999) might be due to the lack of predictability of the retinal-projection change.
In experiments 2^5, we examined what factors on the stimulus side were important for efficient view-extrapolation. Experiment 2, in which the direction of the retinalprojection change was the reverse from that of experiment 1, violated the predictability, resulting in view-dependent effect. The results indicated that positional change of the object was not sufficient for view-independent recognition when the retinal-projection change was perceptually unpredictable. Experiment 3, in which the first stimulus rotated in a fixed position on the display and lacked perceptual translation, showed viewindependent recognition. The results indicated that consistency between the rotational direction of the object and the retinal-projection change was important for viewindependent recognition. Experiment 4, in which the first and second stimuli were kept stationary, showed a view-dependent effect. The necessity of the movement of the first stimulus seemed to depend on whether the object changed position or the participant changed position. If the participant moved around the object, as in the study of Simons and Wang (1998) , he or she could know how the retinal-projection change would occur from his or her movement. On the other hand, if the participant's position was fixed, the direction of the movement of the first stimulus could become an important cue for predicting the retinal-position change of the object (Christou and Bu« lthoff 1999) . It is likely that, when the first and second stimuli were stationary, the participants interpreted the two stimuli as separate stationary objects with the same shape, because humans have a bias toward stationarity of the object (Wexler et al 2001) . Thus, the critical factor regarding the stimulus for view-independent recognition by stationary participants was having a type of movement of the first stimulus that enabled the viewer to predict retinal-projection changes. In experiment 5, 3-D perception was controlled, and the results supported the interpretation of the results of experiment 4.
In experiments 6 and 7, we examined whether extraretinal information, such as head turning and eye movement, contributed to the efficient view extrapolation. In experiment 6, we examined whether view-independent recognition could be obtained when the participants tracked the stimulus by eye movement without head turning. As a result, the view-dependent effect became insignificant. Moreover, the effect of eye movement was not as strong as that of eye movement plus head turning in experiments 1 and 3. This indicates that tracking the object that translates by as much as 73 deg visual angle imposed a heavy load on the eye-movement mechanism, affecting the view-independent recognition. Experiment 7 eliminated the effect of eye movement and head turning, and the results showed view-independent recognition. Experiments 6 and 7 indicated that humans could recognise the object in a view-independent way without extra-retinal information such as vestibular and proprioceptive input. Given the results of the present study and those of previous studies (Rieser 1989; Simons and Wang 1998; Christou and Bu« lthoff 1999) , we conjectured that when the visual stimulus had the motion cue to assist prediction, extraretinal information was unnecessary for view-independent recognition (Christou and Bu« lthoff 1999) , whereas when the visual stimulus did not include the motion cue, extraretinal information was necessary (Rieser 1989; Simons and Wang 1998) .
Although the present study demonstrated view-independent recognition, it does not follow that representation of objects is based on a geon structural description (GSD). According to GSD theory, object recognition is view-independent because the representation of objects consists of volumetric primitives (geons) and their spatial relations (Biederman 1987) . Or the geons could be 2-D if the geons are distinguished by non-accidental properties. If representation is intrinsically view-independent, viewindependence should not depend on the head turning or object movement. One might consider whether the costs that were observed for the different retinal-projection conditions when the stimuli were in the same position were transient artifacts (Biederman and Bar 1999) . In the present same^different matching experiment, a rotation introduces a change of the retinal projection from the first stimulus to the second stimulus. This allows a strategy in which the participants can quickly respond``same'' if there is no change between the first and second stimuli, artificially lowering RTs of the same-retinal-projection condition. To examine this possibility, we conducted further analysis of the results of experiments 1, 3, and 6, in which the view-dependent effect was present in the same-position condition and absent in the different-position condition. The analysis revealed that the RTs of the same-retinal-projection condition in the same-position condition were not lower than those in the different-position conditions ( p 4 0X2). This indicates that the view-dependent recognition in the same-position conditions was not caused by the strategy. Moreover, we conducted another experiment in which the (on-the-monitor) positions of the first and second stimuli differed on all trials, making the transient-detecting strategy inapplicable because the transients were present on all trials. As a result, there was a recognition cost of 32 ms when the same-retinal-projection and different-retinal-projection conditions were compared ( p 5 0X01). This also indicates that the results of the present study were not due to the strategy. However, it should be noted that the whole discussion in the present study eliminated a case where there is a geon difference in different trials. By using the go/no-go task, the RTs for the different trials could not be obtained, making further analysis impossible.
The present study differed in three important points from the study of Cooper and Podgorny (1976) who reported that humans could predict the new orientation of the objects when a new orientation was cued. First, the cue of Cooper and Podgorny was the orientation of an arrow (top^down cue), whereas in the present study it was the object movements and head turning (bottom^up cue). The former cue rarely exists in everyday recognition, whereas the latter is common. Second, Cooper and Podgorny manipulated 2-D orientation, as opposed to 3-D rotation of our manipulation. The 3-D rotation could change the curvature of lines and show or hide the vertices, whereas the 2-D rotation changes only the orientation of lines. Third, Cooper and Podgorny used complicated random angler silhouettes, whereas we used geons that played an important role in the theory of structural description.
If humans can extrapolate the tested view from the studied views efficiently, how should the disparities in view differences be compensated without cost? Several hypotheses regarding compensation have been proposed, including mental rotation (Shepard and Cooper 1982) , alignment (Ullman 1989) , and view-combination (Bu« lthoff and Edelman 1992) . A critical difference exists between the first and the last two hypotheses. In the last hypotheses (Ullman 1989; Bu« lthoff and Edelman 1992) , the feature correspondence between different images must be found before the matching stage, whereas a feature correspondence is not needed in mental rotation. If the compensation is made after presentation of the second stimulus, a compensation cost should be found, leading to a view-dependent effect. Thus, compensation in the present study must have occurred during a blank period. If the correspondence was made between the first stimulus and the imagined second stimulus, how did participants imagine the second stimulus? Among the current hypotheses, mental rotation that produced the image of the to-be-presented second stimulus best accounts for the compensation processes during the blank, and the image could then be matched to the actually presented second stimulus. However, there are some criticisms of mental rotation (McMullen and Jolicoeur 1992; Lawson and Jolicoeur 1999) . Further studies are therefore needed to construct a new hypothesis that accommodates the present findings.
We also note that a cue to predict retinal-projection changes does not always exist during everyday recognition. Thus, a different process or representation might well be involved in general object recognition.
In conclusion, the present study provided three new findings in object recognition. First, humans could extrapolate the tested view efficiently in a view-independent way when the retinal-projection change was predictable. Second, the perceptual movement of the object was necessary for the prediction when the participants were stationary. Third, extra-retinal information was unnecessary for view-independent recognition when there was object movement that was predictive of the retinal-projection change, though it may have helped the prediction to some extent.
